A quantum-classical description of the amide I vibrational spectrum of trialanine cation in D 2 O is given that combines ͑i͒ a classical molecular dynamics simulation of the conformational distribution of the system, ͑ii͒ comprehensive density functional theory calculations of the conformation-dependent and solvent-induced frequency fluctuations, and ͑iii͒ a semiclassical description of the vibrational line shapes which includes nonadiabatic transitions between vibrational eigenstates. Various assumptions that are usually employed in the calculation of condensed-phase vibrational spectra are tested, including the adiabatic, the Franck-Condon, and the second-order cumulant approximations, respectively. All three parts of the theoretical formulation are shown to have a significant impact on the simulated spectrum, suggesting that the interpretation of peptide amide I spectra may require substantial theoretical support.
I. INTRODUCTION
Owing to significant progress in multidimensional infrared ͑IR͒ laser techniques, 1,2 the investigation of the vibrational bands of peptides and proteins has recently received considerable attention. Most studies have focused on the strongly IR-active amide I mode ͑mainly C = O stretch͒, which is a sensitive probe of hydrogen bonding, dipoledipole interactions, and the conformation of the peptide backbone. 3, 4 While two-dimensional IR spectra of peptides and proteins have been shown to exhibit a wealth of detailed information, [5] [6] [7] the interpretation of these experiments is far more involved than for simple linear IR absorption and typically requires substantial theoretical support.
Since a direct ab initio molecular dynamics description [8] [9] [10] of a solvated peptide is in general computationally too expensive, usually some mixed quantumclassical strategy [11] [12] [13] [14] [15] [16] [17] [18] is chosen, which contains the following parts: ͑i͒ First, a classical molecular dynamics ͑MD͒ simulation of the complete system is performed, in order to obtain the conformational structure and dynamics of the peptide as well as the fluctuations of the solvent; ͑ii͒ the vibrational frequencies of the gas-phase system are calculated for all conformational structures visited by the MD trajectory, using accurate ab initio methods with large basis sets. Furthermore, the solvent-induced frequency shift is obtained either via electrostatic models or directly via ab initio calculations of MD snapshots of the solvated peptide including the surrounding water; and ͑iii͒ assuming that the fluctuations of the peptide and the surrounding solvent molecules result in a classical time dependence of the vibrational frequencies, the spectral line shape of the system is calculated using semiclassical line-shape theory. 19, 20 Considering the many difficult aspects of the theoretical description, it is not surprising that most calculations of peptide IR spectra only achieve a qualitative agreement with experiment. This, however, often leaves unclear which part of the theoretical description was done appropriately and which was not ͑"right answer for the right reason?"͒. The above discussion demonstrates the need to establish simple yet nontrivial model systems, for which most parts of the modeling can be achieved accurately enough to be trusted. For the MD part this means that first of all, the system should be small enough to allow for a comprehensive conformational sampling. To check the accuracy of the employed force field, furthermore, the MD results need to be validated by comparison to detailed experimental data. In particular, if several conformational states are thermally populated ͑as is typical for small flexible peptides͒, their population probabilities should be available from experiment. ͓It is extremely difficult to obtain accurate thermal population probabilities from a MD force field calculation ͑even more so from ab initio calculations͒, since a typical accuracy of the relative free energy of ⌬G Ϸ 1 − 2 kcal/ mol already introduces an uncertainty exp͑⌬G / k B T͒ of a factor of ten. [21] [22] [23] ͔ Considering the ab initio part of the modeling, it is important that the conformational-dependent vibrational frequencies of the isolated peptide can be calculated accurately and directly for the system, without invoking, e.g., an exciton model or a transition-dipole coupling ansatz. Moreover, a suitable and accurate model to account for the solvent-induced frequency shift is required. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Finally, the system should allow for a test of the usually applied approximations underlying the semiclassical calculation of the vibrational spectrum, such as the Franck-Condon approximation, 34 the second-order cumulant expansion, 35, 36 and the adiabatic approximation. 12, 37, 38 In this work, we make a first attempt to adopt cationic trialanine ͑A 3 + ͒ in aqueous solution for such a reference sys- + is a small peptide with two peptide bonds and one set of backbone dihedral angles ͑ , ͒, see Fig. 1 . Driven by a number of experimental [39] [40] [41] [42] [43] [44] [45] and theoretical 12, 22, 23, 46, 47 studies, trialanine has emerged as a paradigm to study conformational dynamics of a small peptide in aqueous solution.
In a seminal paper, Woutersen and Hamm 39 have presented a two-dimensional IR study, which suggests that A 3 + mostly adopts a conformation around ͑ , ͒Ϸ͑−60°, 140°͒, known as poly-L-proline II ͑P II ͒ structure. A recent joint NMR/MD study 45 confirmed this finding, showing that A 3 + is Ϸ90% in P II , Ϸ10% in the extended conformation ␤ located at Ϸ͑−120°, 130°͒, but hardly ͑Ͻ5%͒ in the right-handed helix conformation ␣ R located at Ϸ͑−80°, − 50°͒. As mentioned above, the availability of accurate experimental thermal population probabilities is important, because it has been found [21] [22] [23] that different MD force fields may yield quite different thermal populations for A 3 + . To establish an accurate and reliable model of the amide I spectroscopy of trialanine, the following steps are taken. First, we present density functional theory ͑DFT͒ calculations of isolated A 3 + at the B3LYP/ 6-31+ G͑d͒ theoretical level, in order to obtain a ͑ , ͒ map of the amide I vibrational frequencies of the system. By transforming to local modes, we obtain the amide I couplings and site energies of A 3 + . The latter are found to differ in several aspects from our previous calculations 47 of "glycine dipeptide" ͑Ac-Gly-NHCH 3 ͒, which often is considered a generic example in amide I spectroscopy. 24, 37, [48] [49] [50] As there is no specific parameterization of the solvent-induced frequency shift available for A 3 + , we compare various ab initio-based models of solvated N-methylacetamide, which are found to yield different results for the solvent shift. [24] [25] [26] [27] [28] [29] Finally, we present a detailed discussion of the validity of the various approximations usually employed in the calculation of condensed-phase vibrational spectra, including the adiabatic, the FranckCondon, and the second-order cumulant approximations, respectively.
II. THEORY AND METHODS

A. Molecular dynamics simulations
The MD characterization of trialanine has been described in detail in Refs. 22 and 46. In brief, all MD simulations were performed using the GROMACS simulation program package. 51 We employed the GROMOS96 force field 52 to model the solute A 3 + and the simple point charge ͑SPC͒ water model 53 to describe the solvent. The peptide was placed in a periodic cubic box of 3.72 nm length containing 1717 H 2 O molecules. The equation of motion was integrated by using a leap-frog algorithm with a time step of 2 fs. We used the particle-mesh Ewald method to treat the long-range electrostatic interactions 54 and updated the nonbonded interaction pair-list every 10 fs. The peptide was minimized using the steepest decent method. Subsequently, the solvated system was equilibrated for 100 ps at constant pressure ͑1 atm͒ and temperature ͑T = 300 K͒, respectively, using the Berendsen coupling procedure. 55 The system was then equilibrated further at constant temperature and volume. As mentioned in the Introduction, trialanine may coexist in three conformational states, 45 OPLS-AA, 58 as well as in QM/MM calculations. 21 To be able to use correct thermal weights and since it is instructive to calculate the quantities of interest separately for each conformational state, the trajectory subsequently was decomposed in parts propagating in a single conformation. We used the definitions ͑−95Ͻ Ͻ 0, 10Ͻ Ͻ 180, or −180Ͻ Ͻ −125͒ for P II , ͑−180Ͻ Ͻ −95, 10Ͻ Ͻ 180, or −180Ͻ Ͻ −125͒ for ␤, and ͑−180Ͻ Ͻ 0, −125Ͻ Ͻ 10͒ for ␣ R .
B. Ab initio calculations
Following previous work, 47 we have performed DFT calculations of isolated A 3 + at the B3LYP/ 6-31+ G͑d͒ theoretical level, 59 using the GAUSSIAN suite of programs. 60, 61 By performing geometry optimizations of A 3 + with fixed and angles and subsequent normal mode analysis, first a ͑ , ͒ map of the amide I normal mode frequencies was computed. A frequency scaling factor of 0.97 was used. Employing the C = O stretch modes of the peptide backbone as amide I local modes, next the transformation between normal and local amide I modes is constructed using the Hessian matrix reconstruction method. 24, 28, 49 When this transformation is applied to the diagonal normal mode Hamiltonian, we obtain the desired exciton Hamiltonian ͓Eq. ͑1͔͒, comprising the gas-phase vibrational site energies N ͑ , ͒ and C ͑ , ͒ as well as the vibrational coupling ␤͑ , ͒. Details of the calculations can be found in Ref. 47 .
C. Semiclassical line-shape theory
Following semiclassical line-shape theory, 19 in the following we briefly derive explicit expressions for the vibrational absorption spectrum. In particular, we introduce all approximations discussed below in the computational results. 
Here the phenomenological decay term accounts for the finite life time T 1 = 1 ps of the excited amide I vibrations. 5 Furthermore we have introduced the Heisenberg dipole operator ͑t͒ = U † ͑t͒ U͑t͒ with time evolution operator U͑t͒, and we have assumed that the amide I system is initially in its ground state ͉0͘.
Within semiclassical line-shape theory, 19 the fluctuations of the peptide and the surrounding solvent molecules result in a classical time dependence of the Hamiltonian H͑t͒ via its matrix elements ␤͑t͒ and n ͑t͒ ͑n = N , C; we set 0 = 0 without loss of generality͒. We then obtain for the dipole autocorrelation function ͑ប ϵ 1͒
where ͗...͘ denotes a statistical average over the classical fluctuations. Note that also the transition dipole moments n ͑t͒ may explicitly depend on time due to the fluctuations of the peptide. Solving numerically the time-dependent Schrödinger equation with respect to H͑t͒, the dipole autocorrelation function C͑t͒ can be obtained from Eq. ͑5͒ without further approximations. 61 Hereafter, this will therefore be referred to as "direct calculation."
As the averaging over the rapidly oscillating exponential function may be rather cumbersome, it is convenient invoke further simplifications. With this end in mind, we introduce the instantaneous eigenstates ͉ k ͑t͒͘ of the time-dependent Hamiltonian which satisfy
Inserting Eq. ͑6͒ into the propagator exp + ͕−i͐ 0 t H͑͒d͖, we obtain
where in the second line the explicit time dependence of the eigenstates was neglected, which corresponds to the adiabatic ͑or "vibrational Born-Oppenheimer"͒ approximation. 12, 37, 38 The adiabatic approximation is usually justified if the eigenenergies k ͑t͒ do not come close to each other during their time evolution ͑see Sec. IV A͒. The approximation reduces the time-ordered exponential operator in Eq. ͑5͒ to a simple exponential function. Insertion of Eq. ͑7͒ into Eq. ͑5͒ then yields
where
tion function of the transition dipole moments, and the function k ͑t͒ accounts for the quantum-mechanical time evolution of the system. Equations ͑8͒ and ͑10͒ will be referred to as "adiabatic approximation." As Eq. ͑10͒ still requires one to average over a rapidly oscillating function, we next introduce the following two approximations:
In Eq. ͑11͒, the classical average over M k ͑t͒ and k ͑t͒ has been factorized in two separate averages. This approximation allows us to introduce in Eq. ͑12͒ a second-order cumulant expansion, 20 which advantageously shifts the average to the exponent, thus introducing the mean ͗ k ͘ and the autocorrelation function ͗␦ k ͑͒␦ k ͑0͒͘ of the normal mode frequency k . For brevity, we will refer to Eq. ͑12͒ as "cumulant approximation."
Furthermore, one may introduce various approximations to evaluate the function ͗M k ͑t͒͘ which contains the timedependent overlap between local-mode and normal-mode basis functions as well as the autocorrelation function of the transition dipole moments. The latter contains ͑i͒ the abso-lute value of the transition dipole moments ͉ n ͑t͉͒ and ͑ii͒ the time-dependent relative orientation of the two transition dipoles ͓via N ͑t͒ · C ͑t͔͒. As suggested by recent ab initio studies, 15 we assume that ͉ n ͑t͉͒ = const, which appears to be a reasonable assumption for the local-mode representation. Neglecting furthermore the time dependence of overlap functions and of the dipoles' relative orientation, we obtain
which in the following will be referred to as the FranckCondon approximation. For interpretative purposes, it is often instructive to consider all quantities for each conformational state ␣ R , ␤, and P II of the peptide separately. For example, we may decompose the absorption spectrum as
and calculate the state-specific absorption bands ks ͑͒ via the Fourier transform in Eq. ͑3͒ of the dipole correlation functions
where ͗...͘ s denotes the average over all molecular geometries pertaining to the conformational state s. Finally, as the simplest means to estimate the IR absorption spectrum, we may assume that the fluctuations of the peptide and the solvent occur on a very slow time scale. In this inhomogeneous limit, the state-specific absorption bands defined in Eq. ͑14͒ are given by sk ͑͒Ϸ͗M k ͑0͒͘ s sk ͑͒, where
represents the ͑lifetime broadened͒ frequency distribution of the kth normal mode.
To summarize, we have introduced a series of approximations to calculate the IR absorption spectrum of coupled fluctuating IR dipoles. Starting from semiclassical line-shape theory ͓Eq. ͑5͔͒, we have first invoked the adiabatic approximation ͓Eq. ͑8͔͒. Assuming that the classical average factorizes ͓Eq. ͑11͔͒, we introduced a second-order cumulant expansion ͓Eq. ͑12͔͒. Furthermore, the Franck-Condon approximation ͓Eq. ͑13͔͒ and the inhomogeneous limit ͓Eq. ͑14͔͒ may be employed.
III. RESULTS
A. Ab initio parameterization of the Hamiltonian
We have performed DFT calculations to generate a ͑ , ͒-map of the gas-phase vibrational site energies N and C and the vibrational coupling ␤ ͑see Sec. II͒. As discussed in Ref. 47 , the latter depends only little on the specific peptide under consideration. That is, the coupling map ␤͑ , ͒ of A 3 + is virtually identical to the one of glycine dipeptide. The site energies, on the other hand, are quite sensitive to the molecular details of the system. Figure 2 shows the ͑ , ͒-maps of mean frequency = ͑ 1 + 2 ͒ /2=͑ 1 + 2 ͒ /2 and of the frequency splitting ⌬ = 2 − 1 of glycine dipeptide and A 3 + . Also indicated are the three main conformational states ␣ R , ␤, and P II . It is seen that both and ⌬ may significantly differ from glycine dipeptide to A 3 + . While these quantities look relatively similar in the populated regions ␣ R , ␤, and P II , the maps deviate considerably for the corner re- , and ͑iv͒ O1-H2 at ͑−60Ͻ Ͻ 0, 0Ͻ Ͻ 30͒, where only the latter hydrogen bond also occurs in glycine dipeptide. While these intramolecular hydrogen bonds hardly exist in aqueous solution, they only occur in the ␣ R conformational state and do not affect the description of the ͑mostly populated͒ states P II and ␤.
It is instructive to study how these maps are reflected in the frequency distributions obtained by sampling the ͑ , ͒-maps along a MD trajectory in a specific conformational state. As an example, Fig. 3 shows the gas-phase distributions of the frequency splitting ⌬ corresponding to the states P II , ␤, and ␣ R . As may be expected from Fig. 2 , the distributions for A 3 + and glycine dipeptide are quite similar for the P II state and differ mostly in the ␣ R -helical state. Furthermore, the ⌬ distributions of A 3 + suggest that the gasphase frequency splittings in principle facilitate a straightforward discrimination of the three conformational states. The latter is confirmed by considering the corresponding distributions ks ͑͒ ͓k =1, 2, s = ␣ R , ␤, P II , see Eq. ͑14͔͒ of the amide I normal-mode frequencies shown in Fig. 4 . Although the distributions of all three conformational states of trialanine overlap around Ϸ 1750 cm −1 , they clearly differ at the red and blue ends of the spectrum.
B. Solvent-induced frequency shift
To estimate the amide I frequency shift due to aqueous solvation, various groups have performed extensive ab initio calculations of N-methylacetamide ͑NMA͒ and several surrounding D 2 O molecules. [24] [25] [26] [27] 29 Generating an ensemble of representative structures of solvated NMA from MD calculations, geometry optimizations of NMA with fixed solvent and subsequent normal mode analysis were performed. It was found that the resulting solvent-induced frequency shift ␦ correlates well with the electrostatic potential ͑or the electrostatic field͒ of the solvent molecules. This finding can be cast into the expansion
where i ͑t͒ is the electrostatic potential produced by the partial charges of all water molecules at the position of the ith atom of NMA, i.e., i =CH͑C͒ , C, O, N, H, and CH 3 ͑N͒. Depending on the details of the ab initio calculations ͑e.g., number of MD snapshots and the number of water molecules considered in the fit͒, various parameterizations of the coefficients c i in Eq. ͑17͒ have been suggested. [24] [25] [26] [27] 29 In this work we have adopted the six-site model of Skinner and coworkers, 29 because its parameterization includes a large number of MD snapshots as well as a large number of water molecules. ͓Six-site means that all six atoms are considered in Eq. ͑17͒, whereas four-site models only account for the C, O, N, and H atoms.͔ The electrostatic potential was calculated by using either a simple cut-off scheme or the particle mesh Ewald method, 63 which virtually gave the same results. Let us first study how the solvent-induced frequency shift builds up when more solvent molecules are included. To this end, Fig. 5 shows the frequency shifts ␦ N and ␦ C of the amide I local modes of trialanine, plotted as a function of the distance r between peptide and solvent atoms. ͓That is, the interaction of the peptide with all solvent atoms lying in a sphere of radius r is considered by averaging over all conformations of the 100 ns MD trajectory.͔ The plot nicely shows that only the first two solvent shells contribute significantly to the solvent shifts. Moreover, it reveals that the shift is different for the two local modes; it approaches Ϸ−30 cm 
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Amide I vibrational spectrum of trialanine J. Chem. Phys. 126, 054509 ͑2007͒ ␣ R , ␤, and P II , Fig. 6 demonstrates that the aqueous solvent plays a major role for the amide I infrared response. We find that ͑i͒ the shift of ␦ C is generally larger than the shift of ␦ N and ͑ii͒ it depends on the conformational state of the molecule, e.g., the ␣ R state leads to the largest shift. Furthermore, the solvent introduces an overall broadening of Ϸ40 cm −1 to the frequency distribution. Table I lists the mean and the width of the state-dependent frequency-shift distributions.
To qualitatively explain these findings, Fig. 6 shows radial distribution functions g͑r͒ pertaining to the distance between the oxygen of the peptide unit and a hydrogen of water ͑middle panels͒ and the distance between the hydrogen of the peptide unit and the oxygen of water ͑right panels͒. Generally speaking, the two peaks of g͑r͒ around 0.5 nm indicate the first two solvation shells, which nicely agrees with the appearance of the frequency shift shown in Fig. 5 . Comparing the radial distributions of the N and C peptide units, we find that the latter are more structured. Indicating a welldefined hydrogen bond, this result explains that generally ␦ C Ͼ ␦ N . Similarly, the radial distributions pertaining to the ␣ R state somewhat more structured, which explains the large solvent shift of the ␣ R state.
As a comparison, we have also calculated amide I frequency shifts using the four-site models of Bour 27 and Cho 26 as well as the six-site model of Cho, 24 see Table I below. Considering the mean frequency shifts ͗␦ N ͘ and ͗␦ C ͘, the gap ⌬ = ͗␦ N − ␦ C ͘, as well as the widths W N and W C of the distributions, we see that the models may deviate significantly. For example, it is found that the six-site models generally yield larger widths than the four-site models. Typically, the deviations of all quantities are Շ50%, however, for ͗␦ N ͘ it may even assume a factor of three. As the various models give quite similar results for NMA peptide ͑which was used in the parameterization͒, the results of Table I indicate that the models are only qualitatively applicable to larger peptides such as trialanine.
We are now in a position to study the effect of the solvent-induced frequency shift on the amide I response of trialanine. We begin by comparing ͑ , ͒-maps of the mean frequency and the frequency splitting ⌬ in the gas phase and in aqueous solution. Figure 2 shows these maps which were obtained by averaging all values of n = n gas + ␦ n for a given ͑ , ͒ along the 100 ns MD trajectory. First, it is noted that large regions of the Ramachandran plot ͑drawn in white͒ are not sampled at all by the MD trajectory. As a consequence, the above discussed intramolecular hydrogen bonds ͑which in the gas phase occur mostly in these regions͒ are not formed in aqueous solution. As is expected from Fig.  6 , furthermore, the mean amide I frequencies of trialanine undergo an overall redshift and the frequency splitting is increased compared to the gas phase. The latter effect is also seen from the distribution of the frequency splittings ⌬ shown in Fig. 3 , which exhibit a substantial broadening in solution.
Finally, we consider the effect of the solvent on the distributions ks ͑͒ ͑s = ␣ R , ␤, P II ͒ of the two amide I normalmode frequencies shown in Fig. 4 . Again, we find a significant redshift and a large broadening of the spectral densities. In fact, the resulting overall density of Eq. ͑14͒ is much broader than the experimental amide I spectrum ͑see Fig. 9͒ , which indicates that motional narrowing effect are important for the amide I spectrum of trialanine.
C. Calculation of the absorption spectrum
In the following, we wish to go beyond the static picture of inhomogeneous averaging ͓Eq. ͑14͔͒ and consider the effects of molecular dynamics on the IR spectrum. Hereby we proceed from simple to more exact formulations. At the next higher level of semiclassical line-shape theory, the line broadening is described in cumulant approximation ͓Eq. ͑12͔͒. To facilitate the direct comparison with the distributions ks ͑͒, we calculated the state-specific absorption bands ks ͑͒ ͓Eq. ͑14͔͒ by setting ͗M k ͑t͒͘ s = 1 and using the functions ͗ k ͑t͒͘ s as given by Eq. ͑12͒. Comparing the results for ks ͑͒ to the corresponding results for the frequency distributions ks ͑͒, Fig. 4 reveals that the frequency fluctuations affect a narrowing of the spectra by about a factor of two. The reason for this considerable effect is obtained from an analysis of the corresponding frequency autocorrelation functions ͗␦ k ͑t͒␦ k ͑0͒͘ s . A biexponential fit of these functions yields decay times of 70 fs ͑75%͒ and 1.3 ps ͑25%͒, thus conforming the existence of a significant sub-100 fs component, which causes the motional narrowing of the spectra.
The validity of the Franck-Condon approximation is studied in Fig. 7 , which shows the time evolution of the correlation function ͗M k ͑t͒͘ s of the transition dipole moment. According to its definition in Eq. ͑9͒, this function contains the time-dependent autocorrelation function of the transition dipole moments as well as the overlap matrix elements between local-mode and normal-mode basis functions. The latter define the initial value ͗M k ͑0͒͘ s , which clearly depends on the conformational state ͑s = ␣ R , ␤ , P II ͒ and on the vibrational eigenstate ͑k =1, 2͒. The time evolution of the localmode dipole-moment autocorrelation functions ͗ n ͑t͒ m ͑0͒͘, on the other hand, has only a minor effect on ͗M k ͑t͒͘ s . Following a weak initial decay, the functions are almost constant on the time scale of interest. Combining ͗M k ͑t͒͘ s and the cumulant approximation of the propagator, Fig. 8 shows the resulting eigenstate-averaged absorption bands s ͑͒ = ͚ k sk ͑͒ for the three conformational states s = ␣ R , ␤, and P II . Compared to Fig. 4͑c͒ where ͗M k ͑t͒͘ s =1, it is found that the function ͗M k ͑t͒͘ s essentially causes a relative weighting of the eigenstate peaks ͓e.g., an enhancement of the low-frequency peak of ␤ ͔͑͒. Hence, although the values of the transition dipole moments are roughly constant in local-mode representation ͑i.e., the Franck-Condon approximation holds there͒, this is not the case in the normalmode representation.
To go beyond the cumulant approximation, the IR absorption spectrum was also calculated via Eq. ͑5͒, i.e., directly from semiclassical line-shape theory, and via Eq. ͑8͒, i.e., by invoking the adiabatic approximation only. Figure 8 compares the resulting absorption bands s ͑͒ obtained for the three levels of line-shape theory. The spectra calculated with and without the cumulant approximation are found to be quite similar. This finding reflects the fact that the underlying frequency distributions sk ͑͒ shown in Fig. 4 resemble Gaussian functions. Going beyond the adiabatic approximation, on the other hand, is found to have a significant effect on the overall line shape of the spectra. In all three cases the overall line width of the absorption band becomes smaller. In the case of the ␣ R and the ␤ spectrum, moreover, the position of the peaks is shifted. The largest change is found for the TABLE I. Solvent-induced frequency shifts ␦ N and ␦ C of the amide I local modes of trialanine, comparing various electrostatic models ͑see text͒. Shown are the mean frequency shifts ͗␦ N ͘ and ͗␦ C ͘ , the full widths at half maximum W N and W C of the distributions, as well as the mean frequency gap ⌬ = ͗␦ N − ␦ C ͘ , as obtained for the conformational states P II , ␤, and ␣ R . Units are cm 
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Amide I vibrational spectrum of trialanine J. Chem. Phys. 126, 054509 ͑2007͒ absorption band of the ␣ R conformation, whose low-frequent peak is suppressed almost completely. The findings are in line with an approximate treatment of the nonadiabatic vibrational dynamics via a stochastic Liouville equation. 12 Significant changes of spectral features due to nonadiabatic couplings are well also known from vibronic coupling theory, see, e.g., Ref. 64 .
While the direct and adiabatic results are quite similar for the P II state, they differ considerably for the ␣ R and the ␤ conformations. To explain this finding, we reconsider Fig. 3 which shows the frequency splitting ⌬ of the two amide I normal modes. The adiabatic approximation is expected to break down when the two amide I modes become ͑nearly͒ degenerate, thus giving rise to nonadiabatic curve crossings. Indeed, we find that a considerable part of the ␣ R and the ␤ trajectories samples frequency splittings close to zero, while this is less the case in the P II conformation.
We are finally in a position to compare our calculations to the experimental results of Ref. 39 . Apart from the two amide I peaks of interest, the experimental spectrum of trialanine exhibits a blue-shifted third peak, which corresponds to the terminal CO group of the molecule. To facilitate the interpretation, we have fitted the experimental spectrum by a sum of three peaks, each represented by sum of a Gaussian and a Lorentzian function. By subtracting the blueshifted peak, we then obtain an estimate of the absorption band of only the two amide I modes. Figure 9 compares the resulting experimental spectrum to our simulated spectrum obtained from the direct calculation of the absorption bands s ͑͒, weighted by the correct thermal populations of the conformational states P II ͑Ϸ90%͒ and ␤͑Ϸ10%͒.
45 Also shown is a calculation which uses the adiabatic and the cumulant approximations which, by chance, appears to agree better with experiment. Apparently, the approximate calculation benefits from a fortunate cancellation of the errors stemming from the adiabatic approximation and ͑most likely͒ of the solventinduced frequency calculations.
IV. DISCUSSION
In the previous section, we have calculated the amide I vibrational spectrum of trialanine in water, using a combination of MD, DFT, and quantum-classical calculations. In what follows, we discuss the validity of the underlying approximations and assess the importance of the various parts of theory to correctly describe the IR response of peptides.
A. Adiabatic approximation
To explain the above described break-down of the adiabatic approximation, it is helpful to recall the BornOppenheimer approach to solve the molecular Schrödinger equation comprising electronic ͑r͒ and nuclear ͑R͒ coordinates. Exploiting the time scale separation between the electronic and nuclear motions, one first solves the electronic Schrödinger equation for fixed nuclei, thus obtaining the adiabatic potential-energy surfaces W n ͑R͒ ͑the eigenvalues͒ and the adiabatic electronic wave functions n ͑r ; R͒ ͑the eigenstates͒ of the problem. In a second step, the total wave function is expanded in the ͕ n ͖ basis and inserted in the molecular Schrödinger equation, which yields coupled equations for the vibrational wave functions of the system. Assuming that the adiabatic electronic states are well separated in energy, these couplings can be neglected ͑the BornOppenheimer approximation͒, and the vibrational dynamics of the system can be considered in a single electronic state.
Essentially the same strategy has been employed above to calculate vibrational line shapes of a flexible molecule in solution ͑and is commonplace in various areas of chemical physics, see e.g., Refs. 65-67͒. Assuming that the period of the amide I mode is short compared to the motion of the solvent and the conformational rearrangement of the peptide, we have calculated the vibrational frequencies of the molecule for fixed solvent coordinates s and fixed dihedral angles ͑ , ͒. In harmonic approximation, this is done through a geometry optimization at fixed x = ͕s , , ͖, followed by a normal mode calculation. The resulting normalmode states ͉ k ͑x͒͘ with vibrational frequencies k ͑x͒ correspond to excited vibrational states of the molecule, which ͑after a transformation to a local-mode basis͒ build up the vibrational Hamiltonian ͑1͒ used above. Similar as in the vibronic problem, the resulting Schrödinger equation represents a nonadiabatically coupled problem. Unlike to the former case, however, the time scale separation between the period of the amide I mode ͑Ϸ20 fs͒ and the solvent and conformational degrees of freedom is only weakly satisfied, since the latter also show a subpicosecond component in their dynamics. As a consequence, it should not come as a surprise that the "vibrational Born-Oppenheimer" or adiabatic approximation ͑that is, the neglect of the vibrational nonadiabatic coupling͒ is in general not applicable to the calculation of the amide I spectrum of peptides. As a qualitative indication of the validity of the adiabatic approximation, one may consider the distribution of the frequency splittings of the normal modes, since nonadiabatic curve crossings occur mostly for ͑nearly͒ degenerated vibrational modes.
B. MD and DFT modeling
The first and maybe most difficult task of the theoretical description is to obtain the correct distributions of vibrational frequencies. In the present work, this was done in three steps. In order to sample all relevant conformations of the peptide and the surrounding solvent molecules, first a classical allatom MD simulation was performed ͓100 ns NTP, GRO-MOS96, 52 and SPC ͑Ref. 53͒ force fields͔. In the spirit of the adiabatic approximation explained above and within the harmonic approximation, the vibrational frequencies of the isolated peptide are then obtained from a normal mode calculation following a geometry optimization at fixed ͑ , ͒ dihedral angles ͑at B3LYP/6−31+G͑d͒ level 59 ͒. Third, the solvent-induced frequency shift was calculated using a DFTbased model 29 that correlates the frequency shift with the electrostatic potential of the solvent molecules. Put together, we obtain a trajectory of normal mode states ͕͉ ks ͑t͖͒͘ and frequencies ͕ ks ͑t͖͒ for the conformations s = ␣ R , ␤, and P II . Finally the thermal weights of the peptide conformations were obtained from accurate NMR experiments. 45 The resulting frequency distributions shown in Fig. 4 reveal that intramolecular and solvent-induced frequency shifts result in a conformation-dependent frequency splitting and broadening of the normal-mode lines. In both cases, the contribution of the solvent was more important than the intramolecular contribution. A comparison of various models for the solvent-induced frequency shift revealed significantly different results ͑see Table I͒ , which suggest that further improvements of the theoretical description of solvent-induced frequency shifts is desirable. Furthermore, we found various problems associated with the separate calculation of intramolecular and solvent contributions. First, the gas-phase calculations yielded intramolecular hydrogen bonds that would not occur in aqueous solvent ͑see Fig. 2͒ . Moreover, we neglect fluctuations caused by the correlated motion of peptide and solvent, which presumably is at least partly responsible for the missing line width of the calculated spectrum ͑see Fig. 9͒ .
C. Quantum-classical calculation of IR spectra
In Sec. II C we have introduced a sequence of approximations that is usually employed to calculate condensedphase IR spectra. That is, ͑i͒ the semiclassical line-shape theory ͓Eq. ͑5͔͒, ͑ii͒ the adiabatic approximation ͓Eq. ͑8͔͒, the cumulant approximation ͓Eq. ͑11͔͒, and the inhomogeneous limit ͓Eq. ͑14͔͒. Sequence means that the order of the approximation is important, e.g., it is difficult to perform the cumulant expansion without previously making the adiabatic approximation. At any point of the theory one may furthermore employ the Franck-Condon approximation ͓Eq. ͑13͔͒.
As starting point, we have chosen semiclassical lineshape theory, 19 which assumes that the fluctuations of the peptide and the surrounding solvent molecules result in a classical time-dependence of the vibrational Hamiltonian. While the formulation describes well the dephasing of the vibrational transitions, it is not capable to account for the finite life time ͑1 ps͒ of the excited amide I states, which therefore had to be included in a phenomenological manner. Reduced density matrix formulations that include MD-based spectral densities appear to be a promising approach to go beyond the semiclassical level of theory. 20, 68 Proceeding from simple to more exact formulation, it has been shown in Fig. 4 that the sub-100 fs component of the frequency autocorrelation functions ͗␦ k ͑t͒␦ k ͑0͒͘ s affects a significant ͑a factor of two͒ motional narrowing of the spectra. The effect was found to be well described in cumulant approximation, because the distributions of the frequencies shown in Fig. 4 are well approximated by Gaussians. We note that the latter assumption may deteriorate, 35, 36 e.g., if the classical average is performed over several conformational states instead of separately for each state as in Eq. ͑14͒. The Franck-Condon approximation was found to hold well in the local-mode representation but not so in the normal-mode representation. This is reassuring, considering the dramatic breakdown of the approximation found in the description of the OH stretch spectrum of water. 34 However, as explained above, the adiabatic approximation cannot be expected valid in the case of closely lying amide I normal modes and may therefore lead to significant deviations.
V. CONCLUSIONS
As a first attempt to establish a model system for the simulation of IR spectra of flexible peptides in aqueous solution, we have outlined a quantum-classical description of the amide I vibrational spectrum of trialanine cation in D 2 O. Heading toward a quantitative theoretical prediction of timeand frequency-resolved IR spectra of biomolecules, the following main challenges are to be met:
• Sampling of the true conformational distribution of the system by a state-of-the-art MD simulation. If several conformational states coexist, their thermal population probability need to be determined, usually via comparison to experiment.
• Modeling of the solvent-induced frequency fluctuations by exhaustive quantum-chemical calculations. In particular, the coupling of solvent and conformational motions needs to be accounted for.
• Description of nonadiabatic transitions between vibrational eigenstates. Although the direct propagation of the time-dependent Schrödinger equation in principle is a straightforward matter, it requires the averaging over rapidly oscillating functions, which results in an considerably larger sampling effort as it is the case for the standard cumulant approximation.
Considering the achieved agreement between simulated and experimental IR absorption spectra, we clearly did not yet succeed in a quantitative first principle prediction. Furthermore, it is clear that only the simulation of the much more detailed multidimensional IR spectra will truly assess the quality of the theoretical model. However, we think that-for the system considered-two out of the three challenges have been met. That is, the appropriate description of the conformational distribution and the correct calculation of the dynamic absorption spectrum. What is missing is an accurate enough quantum-chemical modeling of the vibrational frequencies of a solvated peptide-a topic that represents a quite active field of research. Nevertheless, our study underlines that the amide I response of peptides depends on a number of aspects. While time-resolved IR spectroscopy hold the promise to resolve conformational dynamics in real time, 69 it certainly requires substantial theoretical support.
